Soil respiration is an important component of terrestrial carbon budget. Its accurate evaluation is essential to the study of terrestrial carbon source/sink. Studies on soil respiration at present mostly focus on the temporal variations and the controlling factors of soil respiration, but its spatial variations and controlling factors draw less attention. Moreover, the evaluation models for soil respiration at present include only the effects of water and heat factors, while the biological and soil factors controlling soil respiration and their interactions with water and heat factors have not been considered yet. These models are not able to accurately evaluate soil respiration in different vegetation/terrestrial ecosystems at different temporal and spatial scales. Thus, a general evaluation model for soil respiration (GEMSR) including the interacting meteorological (water and heat factors), soil nutrient and biological factors is suggested in this paper, and the basic procedure developing GEMSR and the research tasks of soil respiration in the future are also discussed.
Soil respiration is an important component of terrestrial carbon budget. Its accurate evaluation is essential to the study of terrestrial carbon source/sink. Studies on soil respiration at present mostly focus on the temporal variations and the controlling factors of soil respiration, but its spatial variations and controlling factors draw less attention. Moreover, the evaluation models for soil respiration at present include only the effects of water and heat factors, while the biological and soil factors controlling soil respiration and their interactions with water and heat factors have not been considered yet. These models are not able to accurately evaluate soil respiration in different vegetation/terrestrial ecosystems at different temporal and spatial scales. Thus, a general evaluation model for soil respiration (GEMSR) including the interacting meteorological (water and heat factors), soil nutrient and biological factors is suggested in this paper, and the basic procedure developing GEMSR and the research tasks of soil respiration in the future are also discussed.
soil respiration, controlling factors, general evaluation model
Accurately evaluating global carbon budget is a key not only for estimating atmospheric CO 2 concentration and forecasting climate change in the future, but also for implementing the responsibilities from United Nations Framework Convention on Climate Change (UNFCCC) and Kyoto Protocol. Therefore, the international joint programme, Global Carbon Project (GCP) There are various terrestrial ecosystems in China. CO 2 emission of China is secondary in the world at present, only lower than the amount of the United States of America (USA). So how to strengthen the management of terrestrial ecosystems for reducing its carbon emission or increasing its carbon sink becomes an urgent problem. To find the answer, we should correctly understand the effects of climate change and human activities on the processes and mechanisms of terrestrial carbon cycle and its interaction with environment, and accurately evaluate terrestrial carbon budget.
Soil respiration is a major flux between atmosphere and land, mainly including microbial and root respirations. Soil respiration is estimated to be 68-100 Gt C/a, being the secondary flux in the global carbon dioxide exchange, higher than net primary productivity (NPP, 50-60 Gt C/a) and lower than gross primary productivity (GPP, 100-120 Gt C/a) [1] . Studies on soil respiration and its related controlling factors will help further understand the terrestrial carbon cycle [2] and develop a general evaluation model for soil respiration (GEMSR). Considering the importance of soil respiration in the global carbon cycle, much work has been done on the observation methods, involved processes and influencing mechanisms of soil respiration, as well as quantitative evaluation of soil respiration, but no GEMSR has been developed for accurately evaluating the carbon sources and sinks of terrestrial ecosystems. Here we discuss the possibility developing GEMSR based on recent findings and development in soil respiration observation and its controlling factors.
Soil respiration measurements
Soil respiration has been measured with different methods, mainly including alkali absorption [3] , infrared gas analysis (IRGA) [4] , gas chromatography [5] , atmospheric composition monitoring method (measurements of CO 2 and δ 13 CO 2 or O 2 /N 2 ) [6] , and eddy covariance [7] . However, these methods are different in sampling times and sampling areas, which increase the difficulties in comparing and synthetically analyzing soil respiration at different temporal and spatial scales. The sampling time is on the diurnal scale for alkali absorption method and on the half hour and even longer for the others. The measurement area is a circle of 25 cm in diameter for alkali absorption method, a square of 50 cm×50 cm or 100 cm×100 cm for IRGA and gas chromatography, and even larger (e.g., ecosystem scale) for atmospheric composition monitoring method and eddy covariance, by which the footprint of soil respiration depends on the meteorological factors and the land surface characteristics. Thus, different methods should be selected carefully based on soil respirations at different temporal and spatial scales, in order to accurately describe the soil respiration rates and their controlling factors [8] .
Controlling factors of soil respiration
Soil respiration is the maximum flux in terrestrial carbon exchange except for plant canopy photosynthesis. For accurate evaluation and prediction of carbon dioxide exchange between atmosphere and land, it is necessary to further understand the processes and controlling factors of soil respiration at different temporal and spatial scales [2] . Soil respiration originates mainly from biotic metabolism in soil. Thus, the factors affecting biotic activities would influence soil respiration rate, including climate factors, soil factors, plants and litter fall, etc.
Moisture and temperature related factors
Moisture and temperature are usually taken as the main factors controlling soil respiration. Soil respiration rate increases with increasing temperature [4, 9] . When physiological temperature exceeds a certain threshold, the enzyme activities related to respiration in root and microorganism would reduce [4] , resulting in a decline in the sensitivity of soil respiration to temperature. Meanwhile, long-term stresses at a high temperature would also increase the diffusional resistance of cellular membrane to oxygen and decrease soil respiration rate by the inhibition of plant growth [10] . The increase of precipitation (or soil water content) would generally accelerate soil respiration rate [11] . When soil water content exceeds a certain threshold, the high precipitation (or soil water content) would increase the diffusional resistance of CO 2 in soil and decrease soil respiration rate [12] [13] . Moreover, soil respiration rate will decrease with increasing drought stress, which could inhibit root growth [14] and ion uptake [15] , and reduce maintenance consumption [16] and transportation of photosynthetic production [17] , etc. Usually, soil respiration rate increases with increasing temperature. However, it would be inhibited by the limit of water under the conditions of higher temperature in arid and semiarid regions [11] . Furthermore, drought stress would result in decreasing root respiration rate more significantly in the high temperature zone than that in the low temperature zone [18] .
Biotic factors
The effects of biotic factors on soil respiration rate include the respirations from roots and microorganisms. Root respiration rate is influenced by the root-to-shoot ratios and chemical compositions of plant species. Root respiration rate fluctuates seasonally due to the differences in quantity and quality of root secretion and the activities of rhizosphere microorganisms resulting from the seasonal changes in the biomass and the allocation of plant photosynthetic products [19] . The activities of soil microorganisms depend on the soil organic matter inputted from plant aboveground biomass and root [20] . Aboveground biomass of terrestrial ecosystems is correlated positively with the activities, quantity and biomass of soil microorganisms and enzymes [3] . The seasonal pattern of soil respiration rate could be usually expressed as a one-humped curve, with the maximum value appearing in late spring or early summer and the minimum in winter [21] [22] [23] . Microbial respiration rate has a similar seasonal dynamics [24] , and its contribution to the total soil respiration rate changes with seasons [25] . Meanwhile, soil respiration rate is also controlled by aboveground biomass. For example, the removal shoots of spring wheat and soybean reduced root respiration rate [26] .
Soil nutrients
Soil nutrients influence root growth and soil organic matter, which control soil respiration rate. The study on the effects of soil nitrogen and phosphorus on root respiration rate of rice seedlings indicates that soil respiration rate increases with increasing concentrations of soil nitrogen and phosphorus [27] . However, when the concentrations of soil nitrogen and phosphorus exceed 4.28 and 0.2 mmol/L, respectively, root respiration rate decreases with the increasing concentrations of soil nitrogen and phosphorus because of the inhibition of photosynthesis.
Microbial respiration rate is correlated with the quantity and the composition of soil organic matter (SOM) [28] . Generally, SOM could be divided into active, slow and passive pools based on the decomposition rate, and 80% of the microbial respiration rate comes from the active pool and 20% from the slow pool [29] . Besides the above-mentioned factors, soil respiration is also affected by soil pH value [30] , atmospheric CO 2 concentration [31] , grazing [32] [33] , deforest [34] and fertilization [35] [36] [37] , which could indirectly influence soil respiration by changing moisture, temperature, biotic factors or soil nutrients.
Quantitative evaluation of soil respiration
In recent years, many studies on soil respiration have been done to evaluate carbon sources or sinks at the regional and global scales. A lot of soil respiration models have been established based on temperature, moisture or temperature-moisture interaction (Tables 1-3 ). Relationship between soil respiration and temperature could be expressed by linear, quadratic, power, exponential and Arrhenius models ( Table 1) . Among them, an exponential model is most commonly used. Soil respiration rate could be fitted better with the exponential model at low temperature, but worse at high tempera-ture [25, 38] .
Relationship between soil respiration and soil water content could also be expressed by linear, quad-ratic, cubic, logarithmic and exponential models ( Table 2) . Table 3 lists the relationships between soil respiration and temperature-moisture interaction, including linear, exponential, combination of exponential and power or Arrhenius models. 4 Toward a general soil respiration evaluation model
Up to now, many studies have been done on soil respiration and its controlling factors (e.g., moisture, temperature, soil nutrients, and biological mechanisms, etc.), and lots of soil respiration evaluation models have been established based on moisture, temperature or moisture-temperature interaction. However, these relationships are based on only the average soil respiration rate and its controlling factors in the same vegetation type or ecosystem, and they do not include the effects of biotic factors (e.g., root biomass), soil characteristics (e.g., soil nutrients) and spatial heterogeneity of soil water contents. Meanwhile, the differences of soil respiration rates and their main controlling factors at different temporal scales are not taken into account from the current different measurement methods, e.g., instantaneous soil respiration rate measured by LI-6400-09, half hour values of soil respiration by gas chromatography and average values of 24 hours by alkali absorption method. The interactive processes and mechanisms among moisture, temperature, soil nutrients and biological factors are still unclear at present. Furthermore, no GEMSR including the interacting moisture, temperature, biologic processes, and soil nutrients has been established at different spatial and temporal scales. The reasons are listed as follows.
(i) Spatial heterogeneity of soil respiration and its controlling factors
Most of the current studies on soil respiration focus on a certain vegetation type or ecosystem. Spatial heterogeneity of soil respiration is avoided by stochastic samplings and calculating the mean value. The controlling factors mainly include temperature and moisture, but biotic factors, especially root biomass and soil nutrients are seldom included. Meanwhile, the standardized sampling depth and observation identifier are also not defined for temperatures (e.g., air temperature, soil temperature, etc.) and moistures (e.g., gravimetric water content, volumetric water content, water potential, and water level, etc.). Therefore, most of evaluation models for soil respiration are developed in a uniform vegetation type or ecosystem based on limited observations of moisture and temperature. These models are difficult to be applied in other ecosystems or regions because of ignoring the effects of spatial heterogeneity on soil respiration rate and the statistical relationships.
(ii) Short-term soil respiration measurement and singularity of vegetation type Currently, most of the soil respiration studies are a certain short-term soil respiration measurement, ignor- [57] ing the difference at temporal scales. For example, the differences of the controlling factors at different time scales during one day and during a period of every ten days. Meanwhile, many studies are limited in a specific vegetation type or ecosystem. It is difficult to include some factors changing insignificantly with time (e.g., soil organic matter). Thus, those insufficiencies make soil respiration models only suitable at specific spatial and temporal scales, but not suitable for other ecosystem types or regions. Therefore, it is urgent to develop an integrated measurement for soil respiration and its controlling factors in various vegetation types and ecosystems, in order to acquire these parameters of GEMSR including the interacting moisture, temperature, soil nutrient factors, and biologic characteristics.
(iii) The estimation of soil respiration is mostly based on the statistical correlations with moisture and temperature, and few soil nutrients and biotic factors are included. Those kinds of soil respiration models are devoid of generality, and only suitable for each special vegetation type or site. The spatial heterogeneity and the change of biotic factors are not reflected in the soil respiration models at present, and it is difficult to get upscaled to the regional or global scales. Meanwhile, no sampling standardizations have been made for temperatures (e.g., mean annual air temperature, mean diurnal air temperature and soil temperature at 10 cm depth, etc.), moistures (e.g., gravimetric water content, volumetric water content, water potential, water level, etc.), depths (e.g., 0-5, 0-10, 0-15, 0-20 cm, etc.), and sampling times (e.g., instantaneous soil respiration rate by LI-6400-09, half hour values by gas chromatography and average values of 24 h by alkali absorption method). It was difficult to compare these soil respiration models.
Therefore, to clarify the processes and mechanisms of soil respiration responding to its main controlling factors and to establish GEMSR, we must use the similar instruments with high time resolution to observe the spatial heterogeneity and controlling factors of soil respiration in various vegetation types or ecosystems. Thus, the long-term comprehensive observation data can be obtained including soil respiration rate, moisture, temperature, soil nutrient and biological factors.
Currently, LI-6400-09 (Li-cor, Lincoln, NE, USA) has been extensively applied to measure instantaneous soil respiration rate based on infrared gas analysis method. The instrument is portable and quick in measuring (usually a measurement takes only 5-10 min), and the outputs include temperature, relative humidity and soil temperature, etc. The long-term soil respiration rate, moisture, temperature, soil nutrients and biologic characteristics could also be obtained with a set of instruments, including LI-6400-09, soil moisture measurement system (Hydrosense, Campell scientific Australia pty. Ltd.), and the corresponding measurements of above-and below-ground biomass and soil properties.
We have observed a lot of soil respiration rates with Li-6400-09 in typical grassland in Inner Mongolia (4 years) [51, [58] [59] , maize field in Jinzhou (2 years) [60] [61] , reed wetland in Panjin (2 years) [62] [63] , different forestland use practices of broad-leaved Korean pine forest in Changbai Mountain (3 years) including primary broadleaved Korean pine forest, secondary mixed of Betula platyphlla and Populus davidiana, cropland, larch plantation forest, clear-cut broad-leaved Korean pine forest [64] [65] [66] [67] [69] . Many data were obtained from these studies, including soil respiration rate, air temperature and humidity, soil temperature and moisture at different soil depths, above-and below-ground biomass and soil physicochemical properties, etc. Those studies in maize field and typical grassland showed that there were linear relationships between soil respiration rate and root biomass under the conditions of constant moisture, temperature and soil nutrients [60, [68] [69] . The statistical soil respiration models were established based on the main controlling factors of soil moisture and temperature in the broad-leaved Korean pine forest in Changbai Mountain and in fenced and grazing typical grasslands [51, 59, 64] . There are no studies on the effects of soil nutrients on soil respiration rate and integrated analysis of moisture, temperature, soil nutrients, and biological characteristics yet. However, these studies provide basal data and methods for further understanding the controlling mechanisms of the main factors and establishing GEMSR including the interacting moisture, temperature, soil nutrient and biological factors.
To establish GEMSR, we must understand how to acquire the necessary observation data. We should choose various vegetation types to study the effects of soil nutrients (mainly soil carbon and soil nitrogen) on soil respiration rate. Long-term observation data of soil respiration and the related controlling factors are essential for the development of soil respiration evaluation model for soil respiration. To quantitatively describe the interactive effects of moisture, temperature, soil nutrient and biological factors (mainly soil carbon and nitrogen) on soil respiration rate, the effects of these factors at different temporal scales need to be partitioned. Firstly, the effects of biotic factors on soil respiration rate could be included based on lots of soil respiration measurements in different sampling plots at a certain time with similar environment conditions including moisture, temperature and soil nutrients. Secondly, the gradually interactive effects of biotic factors with temperature, moisture and soil nutrients on soil respiration rate will be analyzed, disclosing the processes and mechanisms of the interactive effects of belowground biomass, temperature, moisture and soil nutrients on soil respiration rate. Therefore, the cropland ecosystem (e.g. maize field) as a good experiment field with uniform soil nutrients and smaller changing among years, and others as assistant ecosystems, GEMSR including soil nutrients could be established.
Above all, GEMSR including the interacting moisture, temperature, soil nutrient and biological factors would be established as the following procedures ( Figure 1): (i) Based on the data in many measurement plots at the same time during the growing season in a certain ecosystem, keeping soil nutrients, temperature and moisture in the plots as the same, the processes and mechanisms of root biomass controlling soil respiration rate will be analyzed at different growth phases. The relationship of soil respiration rate with root biomass will be established. (ii) Based on the data in many measurement plots at different time scales in one day (e.g., different hours) during growing season in a certain ecosystem, maintaining soil nutrients and moisture in the plots as the same, the interactive effects of root biomass and temperature on soil respiration rate will be measured.
(iii) Based on the diurnal data in many measurement plots during the whole year in a certain ecosystem, the interactive effects of root biomass, temperature and moisture on soil respiration rate will be included. The dynamic soil respiration model including the effects of moisture, temperature and biotic factors would be established.
(iv) Based on the observation data in different time periods during an entire year in various ecosystems with different soil nutrients, the analysis would focus on the effects of soil nutrients on soil respiration rate. The dynamic soil respiration model including the interacting effects of moisture, temperature, soil nutrient, and biological factors would be obtained.
To develop GEMSR, the important studies in the future should be emphasized as follows:
(i) The responding processes and mechanisms of soil respiration to the interactions of moisture, temperature and biotic factors. We should focus on the spatial heterogeneity of soil respiration and its mainly controlling factors in different ecosystems, and analyze the processes and mechanisms of the effects of the interactions of root biomass, temperature and moisture on soil respiration.
(ii) The responding processes and mechanisms of soil respiration to the interactions of moisture, temperature, soil nutrients and biological characteristics. We should focus on the differences of the processes and mechanisms of the effects from the interactions of moisture, temperature and biotic factors on soil respiration in different ecosystems, and clarify the processes and mechanisms of the effects of soil nutrients (mainly soil carbon and nitrogen) on soil respiration rate, and eventually disclose the interactive effects of moisture, temperature, root biomass and soil nutrients on soil respiration rate.
(iii) Study on GEMSR including the interacting moisture, temperature, soil nutrients and biological characteristics. We should focus on the effects of the interaction of different factors on the processes and mechanisms of soil respiration in different ecosystems, and clarify the processes and mechanisms of soil respiration in different land use practices, and eventually establish GEMSR.
GEMSR could calculate total soil respiration including microbial and root respirations, and could also partition into two main components. The model could also evaluate soil respiration in different ecosystems and land use practices, and it could be coupled into the dynamic terrestrial ecosystem productivity model to improve the accuracy of evaluating terrestrial ecosystem carbon budget.
